ABSTRACT: Flexible, free-standing transparent conducting electrodes (TCEs) with simultaneously tunable transmittances up to 98% and sheet resistances down to 11 Ω/sq were prepared by a facile spray-coating method of silver nanowires (AgNWs) onto dry-spun multiwall 2 carbon nanotube (MWNT) aerogels. Counterintuitively, the transmittance of the hybrid electrodes can be increased as the mass density of AgNWs within the MWNT aerogels increase, however, the final achievable transmittance depends on the initial transparency of the MWNT aerogels. At the same time, a strong decrease in sheet resistance is obtained when AgNWs form a percolated network along the MWNT aerogel. Additionally, anisotropic reduction in sheet resistance and polarized transmittance of AgNWs/MWNTs aerogel is achieved with this method.
Introduction
The need to find materials for replacing Indium Tin Oxide (ITO) in flexible Transparent Conducting Electrodes (TCEs) has stimulated the search for low-cost, lightweight alternatives that have highly transparency and electrical conductivity, high mechanical strength, and compatibility with the numerous substrates used for optoelectronic devices. Though ITO combines high optical transmittance (>90% at 550 nm) with low sheet resistance (10 Ω/sq) 1 , applications of ITO-based flexible electrodes are limited by the scarcity of indium and the inherent brittleness of metal oxides 2, 3 . Novel technologies, such as for ITO nanowires 4 and ITO mesh structures prepared via photolithography 5 , have been developed to prevent ITO from cracking. However, the fabrication of such flexible ITO TCEs requires complex processes that are expensive 1, 4 . Efforts have been made to develop flexible TCEs based on multi-walled carbon nanotubes (MWNTs) [6] [7] [8] , single-walled carbon nanotubes 6, [9] [10] [11] [12] [13] [14] [15] [16] , graphene [17] [18] [19] [20] , and a combination of the above 3, [21] [22] [23] as alternatives to ITO 6 . Of particular interest are free-standing MWNT aerogels sheets that can be drawn in the dry state from the side of spinnable MWNT forests 24 .
These highly oriented aerogels sheets are porous, transparent, flexible, and conducting. When contacted with organic solvents, such as isopropyl alcohol (IPA) or methanol, they densify during solvent evaporation, reducing sheet thickness from ~20 µm to ~50 nm. MWNT aerogels can also be laminated to a wide range of substrates by contacting the desired section with an organic solvent and allowing surface tension effects during evaporation to densify the aerogel, increasing the contact area between MWNTs and the substrate 24 . However, these self-supported aerogels are highly electronically and optically anisotropic, which can be an undesired property for optoelectronic devices.
Though the use of carbon-based nanomaterials improves the flexibility of TCEs, their low conductivity and transmittance limits optoelectronic performance 25 . Their comparatively high sheet resistances and low transmittances make them unsuitable choices when the need is an optical transmittance above 90% and a sheet resistance below 100 Ω/sq 26, 27 . Thus, substantial optical and electrical improvements are necessary for carbon-based nanomaterials to become viable TCEs alternatives.
By integrating silver nanowires (AgNWs) with carbon-based nanomaterials, hybrid TCEs having low sheet resistances and high transmittances, similar to ITO, can be realized 28, 29 µm were synthesized by a polyol method, described by Vinogradov et al 64 .
Silver evaporation.
A 10 nm thick layer of silver was evaporated onto MWNT aerogels with a CHA-50 electron beam evaporator at a rate of 1.2-1.7 A/sec. Prior to Ag deposition, the MWNT aerogels were vapor-densified with IPA.
Synthesis of MWNT aerogels.
Free standing MWNT aerogels were drawn from the sidewall of a spinnable MWNT forest synthesized by chemical vapor deposition (CVD) 24 . The substrates were prepared by depositing 3 nm of iron catalyst using an electron beam (CHA -50)
onto Si wafers bearing 100 nm of silicon oxide. A mixture of acetylene (116.8 sccm) and hydrogen (1354 sccm) in a He (2400 sccm) atmosphere were reacted with the substrates at temperatures between 700-730˚C for 5-10 min.
Preparation of the AgNWs/MWNT aerogels.
Dry-spun MWNT aerogels were placed on the top of the sheet supports, which had a 1 x 1-inch rectangular aperture in the middle and copper tape electrodes at the edges. Two configurations were prepared: parallel and perpendicular. In the parallel and perpendicular configurations, the MWNT aerogels were placed with the copper electrodes perpendicular to and parallel to the copper electrodes, respectively.
Silver paste was painted on top of the contact between the MWNT aerogels and the copper electrodes to ensure sound electrical connection. The sheet resistances, Rs, of the aerogel films were calculated using the formula = Before spray coating the MWNT aerogels with the AgNW solution, the pristine MWNT aerogels were vapor densified 24 using IPA. To accomplish this, 100 mL of IPA was placed in a 500 mL beaker, covered with aluminum foil, and heated on a hot plate at 95˚C for 5 minutes to 7 produce IPA vapors. The aerogels were placed in the beaker (facing down at 2-10 cm distance from the liquid IPA) for 5-30 seconds, and then slowly lifted from the beaker to avoid breakage.
A Paasche SI airbrush, which was connected to an Argon or Nitrogen gas source, was used to deposit the AgNWs onto the aerogel at a set pressure of 40 psi. The airbrush was maintained vertically during the entire spray coating process and moved from left to right to ensure uniform coverage of the MWNT aerogel. The distance between the brush nozzle and MWNT aerogels was set at 20-30 cm. Every 20 passes, the sprayed aerogels were placed on a hot plate at 95˚C for 5 minutes to complete evaporation of the IPA from the MWNT aerogels. Afterwards, resistance and transmittance measurements were made, as previously described. Thermal annealing at 160˚C on a hot plate for 1-2 minutes was performed to decrease the non-effective contacts between AgNWs within the MWNT aerogels and to evaporate any organic solvent residues.
MWNT aerogel areal density. MWNT aerogel areal density was calculated by dividing
the weight of one MWNT aerogel sheet by its area. Using measured weights of 4, 6, 8 and 10
MWNT aerogel sheets, linear regression analysis was used to predict the weight of a single aerogel. The weight of the aerogel sheets was an average of three measurements recorded with a microgram accurate scale. To minimize human error, dimensions of the sheets (width and length)
were obtained using an optical microscope with attached camera and analyzed using MatLab to obtain an estimation of the area.
Physical characterization.
AgNWs/MWNTs aerogels morphologies were characterized using scanning electron microscope, SEM (Zeiss-LEO Model 1530 Variable Pressure Field Effect Scanning Electron Microscope). 
Results and discussion

AgNWs dimension effects
AgNWs length and diameter affect the onset of the AgNWs electrical percolation threshold, the formation of the AgNW conductive network and thus, the overall Rs of the AgNWs/MWNT hybrids TCEs. 
Conclusion
In this study hybrid and self-supported TCEs made of AgNWs spray-coated onto MWNTs aerogels have proven to achieve simultaneous increase in transmittances above 90% and MWNT aerogel with areal densities similar or below 2.8 µg/cm 2 , were found to be the most suitable aerogels for AgNWs deposition due to their intrinsic high transmittance. However, the high sheet resistance of these low-density aerogels required a greater amount of AgNWs ~50 µg/cm 2 to achieve low Rs. Of great interest is the ability to fine tune the amount of AgNWs 
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